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Preface

A principal objective of the AFIT robotics research program is the develop-
ment of compliant motion techniques for Air Force applications. Compliant motion
is an essential capability for any robot seeking to emulate a human, since controlled
compliance is needed in any task requiring significant interaction between the ma-
nipulator (either human or robot) and the environment. Refueling of aircraft with
a robot manipulator is one application requiring compliant motion for successful
completion. In the AFIT robotics program, as well as this thesis, the refueling

problem serves as a “strawman” task for orienting compliant motion research.

The goal of this thesis was to create a hardware and software environment
allowing for the development and testing of compliant motion control techniques
on an industrial manipulator. With this environment in hand further research
into the actual compliant motion control algorithms can proceed. In this thesis
a preliminary version of an impedance control law was used to demonstrate the
environment, and to perform an initial investigation into compliant motion control
of a PUMA 560 robot arm. This initial impedance control impiementation has a

number of features which can, and should be, improved.

My thesis would not have been possible without the sponsorship of
Dr. Mangal Chawla of the AFWAL Flight Dynamics Laboratory. I would like
to thank Dr. Chawla and his staff for the technical information on the proposed
robot refueler, and for supplying the force sensor electronics. I am similarly in-
debted to Mr. Dexter Kalt of the ASD Fuel and Hazards branch for his information

on aerial refueling systems.

Closer to home, I would like to say thanks to Captain Larry Tellman and
Mr. Don Smith for teaching me enough to survive as my own electronics tech-

nician in the lab. Captain Steve Parker deserves thanks for showing me how to




use MACSYMA and LATEX, but more importantly I valued lis friendship and

encouragement throughout my entire AFIT experience.

The key man in making this all happen was my advisor, Dr./Captain Mike
Leahy. Without his teaching, ideas, and support I couid never have completed
the first assembly code subroutine, let alcne this entire project. Of course, the
key woman in helping me through has been my wife,- I am continually
amazed at how she found the energy to get her own degiee, work nearlv full time,

and still look after me — it must have been love.

David J. Duvall
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Abstract

~'“A promising Air Force application of robotics technology is the refueling of
aircraft or spacecraft with a robotic manipulator. The refueling task is fundamen-
tally a component assembly task, and like many other assembly tasks, successful
completion requires compliance between the manipulator and the environment for
success. Compliant motion control techniques, such as impedance control, use
force feedback to generate active compliance in the robot manipulator. In this
thesis a compliant motion control environment was established, and a simplified,
preliminary version of an impedance control law was implemented. The compliant
motion environment employs three digital processors in a hierarchial control struc-
ture to command a PUMA 560 robot arm. Applied force and moment information
are provided by a wrist mounted, three axis force sensor. An original method
was developed to transform forces and moments acting on the tool, measured in
the sensor frame, to the cartesian world coordinate frame. This method elimi-
nates the forces and moments caused by the tool weight from the measured values.
The concept of impedance is explained, and motivated as the basis for compliant
motion control. The theoretical development leading to the simplified impedance
control law is presented. The simplified impedance control law was used to pro-
vide active compliance for links 2 and 3 of the PUMA arm. The remaining four
links of the PUMA were not actively used in the impedance control experiment.
Force sensor accuracy was experimentally quantified and found to be sensitive to
errors in arm calibration. Execution times were determined for the major compo-
nents of the impedance control algorithm. Initial testing demonstrated the ability
of the impedance controller to use active compliance to reduce interface forces.
Elementary compliant motion was achieved, however trajectory tracking perfor-
mance requires improvements. Problem areas causing poor tracking performance

are identified, and possible solutions are recommended.

xi




ROBOTIC COMPLIANT MOTION CONTROL
FOR AIRCRAFT REFUELING
APPLICATIONS

1. Introduction

1.1 Motivation

One promising application of robotics technology is the refueling of aircraft or
spacecraft with a robot manipulator. The Air Force Flight Dynamics Laboratory
has recently completed a preliminary conceptual study of the possible benefits of
aircraft robotic refueling [3]. Additionally, NASA and the Air Force have consid-
ered the use of tele-robots or autonomous robots for extending the life of spacecraft
through on-orbit refueling [45]. These studies show the potential robotic systems

have for saving money, manpower, and lives.

Robot refueling is fundamentally a component assembly task requiring the
robot to mate a fuel line nozzle with a refueling port. Current industrial robots
rely primarily on position feedback controllers. However once the robot refueler
nozzle contacts the aircraft, position feedback control will not be adequate because
large contact forces may develop, possibly leading to robot controller instability or
physical damage. Compliant motion control solves these problems by considering
force feedback in the control law of an intelligent robot. Clearly a compliant motion
capability is necessary for performing the robot refueling task or any other precision

assembly task.
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1.2 Objective

Further broad-based research into intelligent robotics capable of emulating
human arm motion requires the development of a compliant motion capability. The
objective of this study is to create a bread-board compliant motion environment
and implement an initial compliant motign controller. The results will lay a foun-
dation of knowledge and equipment for further research leading to a demonstration

of robotic aircraft refueling.

1.3 Problem Statement

1.5.1 Background.

1.3.1.1 What is Compliant Motion Control. Based on the research of

Goertz , Paul identifies three states of manipulator motion for any assembly prob-

lem,

“Motion in free space” when the manipulator motion is unconstrained by con-

tact with the environment

“Contact” when the manipulator switches modes between unconstrained and

constrained motion

“Exertion of a force” when the manipulator motion is constrained by contact

with the environment {44, p. 1967]
The robot refueler’s task is no different and also consists of these three phases.

e Phase ] - the robot uses a vision system to search for port and guide the

nozzle to a point close to the slipway or port.

e Phase II - the nozzle makes initial contact with the slipway and the robot
begins to slide the nozzle along the slipway while impact transients damp

out.

1-2
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e Phase II] - the rohot continues to slide the nozzle along the slipway and then

inserts the nozzle in the port.

According to Kazerooni, “In constrained maneuvers, the manipulator is driven
in its workspace so the environment continuously exerts a dynamic or kinematic
constraint on the manipulator motion (26, p. 83].” Compliant motion control is
the technique used to drive the manipulator so as to accomodate the constraint
while accomplishing the task objectives. With compliant motion control, both
the manipulator’s position and the constraint forces are used to determine the arm
control inputs!. The use of constraint force information to actively control the arm

uniquely separates compliant motion control from other forms of robot control.

1.3.1.2 Why Use Compliant Motion Control. Current industrial arms

typically use only position feedback to control the arm. Position feedback is ap-
propriate for transport type tasks where objects are moved from one position to
another, with little or no environmental contact (e.g. bin picking and spray paint-
ing). However, complex assembly tasks must be highly structured if they are
performed with a position controlled arm. A highly structured task demands parts
always be presented to the robot in the same position and orientation, possibly
through the use of special assembly jigs or tight tolerances on part manufacturing
and placement. Unfortunately, tasks can never be perfectly structured all the time,
and when the structure breaks down some form of sensing is needed for the robot
to determine what to do. Paul states force sensing is fundamental since it can
provide vital information indicating when something has gone wrong (occurence
of an unexpected force), and alternately when things are functioning correctly (no
unexpected forces)[44, p. 1966]. An excellent example of a human using force feed-

back is a carpenter driving a nail through a wall and into an unseen beam. The

1Throughout this document the term force is meant to include both forces and moments; the
term position refers to both position and orientation. Exceptions to this rule should be apparent
from the context of their use.




carpenter expects a relatively uniform, moderate resistive force, indicating the nail
has remained within the beam. A sudden, unexpected drop in resistance indicates
the nail has missed the beam. A sudden rise in resistive force may indicate the
nail head is flush with the wall or it may indicate the point has hit an obstacle. In
this last case, the carpenter may use position feedback (how far in is the nail?) to

determine which of the two events has occured.

Most importantly, compliant motion control is needed to insure stability when
constraint forces are imposed on the manipulator. Kazerooni highlights a major
problem with position control when he says, “...the compensator treats the interac-
tion forces as disturbances and tries to reject them, thus causing more interaction
forces and torques. Saturation (of actuators), instability, and physical failure are
the consequences...[26, p. 84].” On the other hand, a properly designed compliant
motion controller is designed for stability in the presence of these constraint forces,

and can actually use them to advantage in guiding the robot to complete a task.

1.3.1.3 Compliant Motion Control Techniqgues. Whitney divides com-

pliant motion control techniques into two categories, passive control and active
control [58, p. 5]. Passive control employs mechanical devices to change the com-
pliance between the end-effector and the environment. One such device for doing
this is the Remote Center of Compliance (RCC) [15]. The RCC attaches to the
end-effector and acts like a six-dimensional spring with a pre-determined set of
stiffnesses resisting translation and rotation about three axes. Passive compliance
devices suffer from an inability to be reprogrammed with different stiffness val-
ues, resulting in a need to change devices when consecutive tasks require different
amounts of compliance. Also, if the stiffness is low, then the uncertainty in knowl-
edge of the tool or end-effector position is large because the spring is easily moved,

and as a result position can not be accurately commanded [44, pp. 1969-1970].

According to Whitney, active control uses information about the current state
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of the task (position, velocity, applied constraint force) in a feedback control loop
to calculate actuator commands [58, p. 6]. These commands drive the manipulator
links to satisfy a set of desired position, velocity, and/or force interactions with the
environment, resulting in compliant motion of the robot arm. Research has focused
on active control techniques because they allow the user to more completely specify
the state of the task, and changes in compliance can be rapidly made through
software logic. Active force control techniques have the disadvantages of being
more complex and computationally difficult. Numerous active control techniques

have been proposed during the last 15 years [58, p. 6].

1.9.2 Thesis Research Goals. Research on compliant motion issues at AFIT
is presently prevented by the lack of a suitable compliant motion control environ-
ment. Currently AFIT’s PUMA 560 robot is run by the ARCADE? hierarchial
control environment. ARCADE is a derivative of the RHCS/R3AGE? developed
at the Rensselaer Polytechnic Institute [39]. ARCADE and the RHCS/R3AGE
were designed for research into model based robot control and are well suited for
that type of research®. However they can not support compliant motion because

they do not have a force sensing capability.

A major goal of this thesis is to create a compliant motion environment by
adding hardware and software for force sensing to the existing ARCADE environ-
ment. Techniques must also be created for transforming the raw force sensor data
into an accurate picture of the constraint forces between the robot and environ-
ment. With the augmented environment, compliant motion control laws can be
implemented on the PUMA 560 arm. A second goal of this thesis is to perform

a preliminary investigation of compliant motion control using a simplified control

ZARCADE is the AFIT Robotic Control Algorithm Developnient and Evaluation Environment

SRHCS/R3AGE is the Robotics and Automation Laboratory (RAL) Hierarchial Control Sys-
tem / RAL Real-time Robotic Algotithm Exerciser

‘Model based robot control uses position feedback control loops, augmented with feedforward
inputs calculated from a model of the robot dynamics.
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law on links 2 and 3 of the PUMA arm.

1.4 Method of Approach.

The twin goals of creating a compliant motion control environment and a
preliminary implementation of a compliant motion control law were approached in
a paralle] fashion. The preliminary control law served as a “strawman” control law

for purposes of designing the control environment.

Before selecting a control law or defining a control environment, a literature
review was performed to develop a knowledge base of compliant motion control
techniques. Standard force sensing techniques were also reviewed since force sensor
hardware needed to be incorporated into the environment. Lastly, a review of
current aircraft aerial refueling equipment and a proposed robotic refueling concept
provided background information for orienting the design of experimental hardware

toward a demonstration of robotic aircraft refueling.

After completion of the literature review an appropriate control law was cho-
sen for implementation in the control environment. A simplified, two degree of
freedom version of an existing control law was desired because of the limited time
available for this study. Use of the two degree of freedom control law allowed test-
ing of the basic premise for the control law, although the resulting two degree of
freedom controller remained scalable to greater degrees of freedom. By simplifing
the control law its computational complexity was reduced, enabling it to be im-
plemented with existing computer resources. The component matrices and vectors
of the control law equation were computed from equations symbolically reduced
using the MACSYMA symbolic manipulation, computer aided design (CAD) pack-
age (51). Software for evaluating the controi law needed to be designed to minimize
computation time in order to allow high control loop sample rates and insure good
digital controller performance. The control law has been implemented so as to

allow for future expansion to a more complex, six degree of freedom control law.
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Having picked a control law, it was possible to design a control environ-
ment using the support requirements of the chosen control law as examples of the
support the environment should provide. Patterning the new compliant motion
environment after the existing control environment, ARCADE, resulted in a hier-
archially structured compliant motion environment. The hierarchial structure most
effectively used the different capabilities of each computer in the control system.
Modular software design facilitated future use and modification of the environ-
ment, while the use of existing software wherever possible preserved commonality

between the compliant and existing environments.

The first principal task in developing the new environment was integrating a
force sensor with the existing equipment, and developing the software to transform
force sensor data into the force information required by the control law. Because of
schedule constraints, the choice of an off-the-shelf vendor supplied force sensor was
mandatory. After procuring the sensor it was integrated with the existing hardware
by establishing an appropriate network of power supplies and communication links.
New software to allow parallel communication with the digital controller was also
created. An original theoretical method for scaling, calibrating, and transforming
the “raw” sensor data into the desired vector of constraint forces was developed
based on analysis of the manipulator kinematics and the sensor output. The force
sensor did not provide a satisfactory method for separating the gravitational force
on the tool from the measurements of constraint force, so this problem was cor-
rected by devising a scheme to compensate the sensor data for the tool weight.
These theoretical procedures were coded into a set of software routines for cali-
brating the sensor prior to run time, and also for using the sensor data in the force

feedback portion of a compliant motion control law.

The second principal task in developing the compliant motion control en-
vironment involved creating a physical environment for testing compliant motion

control techniques. To do this a tool and surface for it to interact with were
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designed and fabricated. The tool is modular to allow it to be reconfigured for
different types of tests. Also, the test surface has a geometry supporting contact,
slide, and insertion tests of varying difficulty. Since a long-range objective is the
demonstration of robotic aircraft refueling, the tool and test surface were designed

to model existing aircraft refueling hardware.

After the modular software elements of the control environment were devel-
oped they needed to be integrated with the control law software to form a complete
compliant motion controller capable of commanding the PUMA arm. Testing of
the compliant motion controller quantified controller performance. Limited testing
is performed since the chosen control law was primarily implemented as an exam-
ple, and only in a preliminary, simplified fashion. The objective of the testing was
to establish a basis for comparison with previous work by other researchers using
the same controller. Therefore, the tests performed were similar to those done

previously. Test results were analyzed with the control systems CAD package,

MATRIXX [23].

1.5 Contribution and Summary.

The main contributions of this research are summarized below.

¢ A three axis force and moment sensing system has been integrated with the

existing AFIT Robotics Laboratory equipment.

¢ A compliant motion control environment has been established.

~ The environment incorporates three different digital processors, the
force sensor, and a PUMA 560 robot arm into a hierarchial control

system.

— Original techniques have been developed for transforming force sensor
data to interface force, and also for eliminating the tool weight from the

force sensor measurements.
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— The environment uses modular software and has a high degree of com-

monality with the existing ARCADE control environment.

e A physical environment for testing compliant motion control algorithms has
been constructed. The environment supports future demonstrations of robotic

aircraft refueling.

e A preliminary version of an impedance control law has been implemented in

the compliant motion environment using links 2 and 3 of the PUMA arm.

—~ The implementation on the PUMA is the first known use of this com-
pliant motion control law on a vertically articulated, gear driven ma-

nipulator.

~ The implementation is structured to facilitate expansion to a more gen-

eral impedance control law using all six PUMA links.

~ The implementation uses parallel processing to allow high speed calcu-

lation of control torque commands.

o The ability to accurately determin= interface force from the force sensor data

has been quantified.

e The execution times of the impedance control algorithm’s major routines

have been measured.
o Tests of the compliant motion controller, emulating those performed by
Hogan [20], have been completed.
— The impedance controller successfully used active compliance to reduce
the interface force between the manipulator and the environment.

— The impedance controller’s trajectory tracking performance requires im-

provement. Performance can be improved by:

* Including a commanded end-effector velocity term in the control

algorithm.
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* Using smaller sample times.

* Improving the friction compensation model used for the PUMA

arm.

— The controller’s inability to emulate Hogan’s experimental results is
attributed to the complexity of the PUMA arm’s dynamics versus those

of Hogan's direct-drive manipulator [20).

These contributions have laid a foundation for further broad-based compliant mo-
tion research in the AFIT Robotics Laboratory. The compliant motion environ-
ment can be augmented by machine vision systems to create an intelligent robotic

system capable of realistically demonstrating robotic aircraft refueling.

1.6 Omanization.

The remainder of this thesis is organized into five chapters. Chapter Two
reviews pertinant past research in force sensing and compliant motion. Chapter
Three discusses the impedance control law theory, the assumptions made in simpli-
fying the impedance control law, and the methodology for scaling, calibrating and
transforming the force sensor data to interface force. Chapter Four describes the
hardware and hierarchial computer control systems used to establish the compliant
motion environment. Chapter Five presents results from testing the preliminary
version of the control law, while Chapter Six presents conclusions and suggested
areas of further research. Three appendices supplement the main body of the
report. Appendix A presents the detailed mathematical development of the full
impedance control law. Appendix B provides background information on aircraft
refueling and a proposed robotic refueler concept. Appendix C contains brief de-
scriptions of the new or modified software used in the compliant motion controller.
Complete listings of software developed or modified for this thesis are contained in

AFIT Robotic Systems Laboratory Report No. 3 (14].
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II. Literatur view and Control Law Selection

2.1 Force Sensor Design and Calibration.

Shimano and Roth present an excellent summary of the design and calibration
of force sensors in [50]. While this thesis effort did not require design of a force
sensor, the information presented below provides an understanding of how the

sensor functions and the mathematics involved.

The JR3 force sensor used for the robotic refueling research is a wrist mounted,
strain gage force sensor. Shimano and Roth provide a detailed discussion of the
Scheinman force sensor (see Figure 2.1), which is similar to the JR3 sensor. The
Scheinman sensor uses a solid aluminum cross as the load carrying structure. The
cross is instrumented with eight pairs of strain gages. Shimano and Roth indi-
cate the high stifiness of the cross insures the sensor has little effect on the overall
manipulator natural frequency, and also allows accurate end-effector positioning.
Also, because the sensor is stiff it does not add any passive compliance to the
manipulator. Use of strain gages in pairs prevents changes in calibration due to
temperature. The low hysteresis design of the sensor minimizes non-linearities in

the force-strain relationship [50, p. 341).

A very straightforward method is used for converting strain gage readings into
the three forces and three mements about some user defined coordinate frame. The
essential equation is:

—

F = RDC?¢ (2.1)

where € is the vector of strain gage measurements, F is the vector of forces and
moments, and C is a calibration matrix decoupling the strain gage measurements
into forces and moments about three orthogonal coordinate axes. The matrices

R and D are coordinate transformations allowing the user to define a coordinate
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strain gage

Figure [: Scheinman Force Sensing Wrist

Figure 2.1. Scheinman Wrist Force Sensor. [50, p. 341]

frame which is rotated (using R) and displaced (using D) from the coordinate frame

of the strain gage measurements (50, p. 342]!.

The ability to measure forces in a user defined frame is advantageous. Typ-
ically, the forces of interest are those at the contact point of the tool and the
environment, and not those at the juncture of the tool and the force sensor. Also,
force and position information are frequently used together in the compliant motion
control law. To do this it may be necessary to have force and position information

in the same coordinate frame.

Some researchers have noted some problems with wrist mounted force sen-
sors. All those problems are a result of the dynamics of whatever tool or gripper
is mounted between the force sensor and the environment. Salisbury identified a
need to eliminate the gravitational force exerted by the tool from the sensor mea-

surements of the contact force [49, p. 384]. Salisbury, as well as Raibert and Craig

!The D matrix used in Eqn. 4 of [50] is incorrect. The signs of the d; terms should be reversed.
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noted the inertial forces resulting from the linear and angular accelerations of the
hand or tool will also appear in the sensor force measurements; although these will
be small at low speed, they could be problems at higher speeds and may require
additional dynamics calculations to eliminate them from the sensor readings {49,
p. 384],[47, p. 378]. Raibert and Craig also noted high frequency oscillation in
their force sensor readings from the spring-mass behavior of the tool interacting
with the environment, but they were able to suppress this noise using an analog

filter (47, p. 381].

2.2 (Compliant Motion Control Laws.

As mentioned in Section 1.3.1.3, a wide variety of compliant motion tech-
niques have been proposed. Three promising techniques were chosen as possible
candidates for the compliant motion control law implemented in this study. They

are:

o Stiffness Control
o Hybrid Control

e Impedance Control

Stiffness control introduces the fundamental concept of stiffness as a parameter
in compliant motion control. Hybrid control is a conceptually straight forward
technique, where task oriented coordinates are identified and divided into force
or position control directions. Impedance control is a very promising technique
since it allows dynamics based control of the robot during both contact and nou-
contact portions of the task. These three control techniques are discussed further

in Sections 2.2.1, 2.2.2 and 2.2.3, as well as in Chapter Three.

2.2.1 Review of Stiffness Control. Salisbury was the principal developer of

the stiffness control technique. He presented the fundamental concept of stiffness,
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his stiffness control law, and the results he achieved in performing a typical assem-
bly task in [49]. Stiffness control is a simple, but fundamental technique, and the
concept of stiffness is fundamental to the more involved techniques of hybrid and

impedance control.

Salisbury modeled the interaction of the end-effector with the environment
as a six degree of freedom spring (three degrees in position and three degrees in
orientation). The spring constants, or stifiness, are the rate constraint forces change
with respect to position and orientation errors in the end-effector [49, pp. 383-384).

For cartesian coordinates the relationship is
F = K§z (2.2)

where F is the 6 x 1 constraint force vector, I is the 6 x 6 stiffness matrix, and 6%
is the error in position. The error is the difference between the actual, constrained

position, and the nominal, unconstrained position
6t =z —<, (2.3)

where & and &, are the constrained and unconstrained positions, respectively [49,

p. 384).

Understanding the significance of the stiffness matrix is key to an appreciation
of Salibury’s concept, as well as many other forms of compliant motion control.
Stiffness is the inverse of compliance. The elements of the stiffness matrix, K,
represent the position accuracy the user desires to achieve along each of the six
degrees of freedom. A high stiffness value indicates a strong desire to follow the
nominal trajectory in a particular direction (low compliance), and if a constraint is
encountered a large interaction force will develop. A low stiffness value indicates the
end-effector does not have to follow the trajectory too closely in the given direction
and the end-effector will move to accommodate any constraints encountered (high

compliance), thereby minimizing the interaction forces [49, p. 383]. Diagonal K
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matrices decouple the manipulator motion by causing errors in position along a
particular axis to only effect the subsequent motion or force along the same axis.
Non-diagonal K matrices can be used to couple motion and forces between different
coordinate axes. For example, with a non-diagonal K matrix, position error in the

y direction can be used to generate a force in the x direction.

In modeling the interaction as a six dimensional linear spring, Salisbury as-
sumed there were no higher order dynamics terms due to non-linear elastic behav-
ior in the environment or the manipulator. He also did not allow for any viscous
damping or stiction at the interface between the end-effector and the environment.
These assumptions are similar to those made by Hogan and Kazerooni in their

development of impedance control (see Section 2.2.3 and Chapter Three).

Salisbury presented his stiffness control law as [49, pp. 384-385]

.
-

T = T + G§T + K,C1160 + V,sgn (o) + & (2.4)
where

—

T is the vector of torques applied to each joint
T. is the vector of commanded torques for each joint

G is the diagonal matrix torque compensation function (e.g. lead-lag filter, with

gain Ky, zero at s = —a, and pole at s = —b.)
§T = T.—T, i.e. the error between the commanded torque and the sensed torque
K, is a derivative gain diagonal matrix
Ci1 is the instantaneous inertia of the manipulator
65‘ = 5:, - 0-‘ i.e. the error between the commanded and actual joint velocities
V, is a vector of Coulomb friction coefficients for each joint

C is a vector of gravitational torques on each joint
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The manipulator’s Jacobian is used to convert cartesian forces at the end-effector

to 